Efforts to overcome poor outcomes in patients with adult acute lymphoblastic leukemia (ALL) have focused on combining new therapeutic agents targeting immunophenotypic markers (IPMs) with classical cytotoxic agents; therefore, it is important to evaluate the clinical significance of IPMs.
Background
Efforts to overcome poor outcomes in patients with adult acute lymphoblastic leukemia (ALL) have focused on combining new therapeutic agents targeting immunophenotypic markers (IPMs) with classical cytotoxic agents; therefore, it is important to evaluate the clinical significance of IPMs.
Methods
Baseline characteristics and clinical outcomes of patients with adult ALL were retrospectively analyzed. The percentage of blasts expressing IPMs at diagnosis was measured by multicolor flow cytometry analysis. Samples in which ≥20% of blasts expressed an IPM were considered positive.
Results
Among the total patient population (N=230), almost all (92%) were in first or second hematological complete remission (HCR) and 54% received allogeneic hematopoietic cell transplant (allo-HCT). Five-year hematologic relapse-free survival (HRFS) and overall survival (OS) rates were 36% and 39%, respectively, and 45.6% and 80.5% of patients were positive for the IPMs CD20 and terminal deoxynucleotidyl transferase (TdT), respectively. Expression of CD20, CD13, CD34, and TdT was associated with HRFS rate, and expression of CD20 and CD13 was associated with OS rate, as was the performance of allo-HCT. In multivariate analysis, positivity for CD20 (HRFS: hazard ratio [HR], 2.21, P＜ 0.001; OS: HR, 1.63, P=0.015) and negativity for TdT (HRFS: HR, 2.30, P=0.001) were both significantly associated with outcomes. When patients were categorized into three subgroups according to positivity for CD20 and TdT, there were significant differences in HRFS and OS among the subgroups.
INTRODUCTION
In adult acute lymphoblastic leukemia (ALL), although initial hematological complete remission (HCR) rates are high, many patients eventually relapse and do not respond to salvage therapy, hence prognosis is poor [1] . In contrast with pediatric ALL [2] , interventions to improve the outcome of adult ALL are currently lacking, with the exception of the administration of BCR-ABL1 tyrosine kinase inhibitors (TKIs) for the treatment of Philadelphia-positive (Ph-pos) ALL [3] [4] [5] .
Many adult ALL patients are ineligible for the high-dose post-remission therapy used in pediatric cases, and allogeneic hematopoietic cell transplantation (allo-HCT) is recommended for patients in both high and standard risk groups [6] . Although allo-HCT reduces relapse rates in adult ALL via the graft-versus-leukemia effect [7] [8] [9] , some adult patients are ineligible for allo-HCT due to old age, comorbidity, or donor availability. Recently, a combination of targeted and conventional cytotoxic agents has been suggested as a potential method to improve outcomes for adult ALL patients, and monoclonal antibodies targeting common surface molecules of ALL blast cells, including CD19 [10, 11] , CD20 [12] , and CD22 [13] , are under development or have already been used in treatment. In addition to being therapeutic targets of various monoclonal antibodies, these immunophenotypic markers (IPMs) may themselves serve as useful prognostic markers of response to treatment and outcomes [14] . Therefore, analysis of the prevalence and therapeutic clinical implications of various IPMs may provide important insights beneficial to the development of improved treatments for adult ALL.
In this study, we report the results of a retrospective analysis of the prevalence and clinical implications of various IPMs, including CD20, which has been highlighted in other recent studies. The study focused on determining whether positivity for combinations of IPMs, or for IPMs with other clinical features, is a useful prognostic indicator.
MATERIALS AND METHODS

Patient selection
Patients aged ≥18 years diagnosed with ALL or Ph-pos biphenotypic acute leukemia (BAL) in the Asan Medical Center, Seoul, Korea, were included in this retrospective analysis. Patients were excluded from the analysis if they had at least one of the following features: diagnosis with L3 ALL (Burkitt leukemia) or chronic myeloid leukemia (CML) with lymphoid blast crisis, no results from CD19/CD20/CD22 cell surface marker analysis, or no treatment with vincristine, prednisone, and daunorubicin plus L-asparaginase (VPDL) [15] or modified VPDL-based chemotherapy [4, 16, 17] .
Patients were assigned to the high clinical risk group (CRG), according to the definition of the MRC UKALL XII/ ECOG E2993 trial [6] , if they met one or more of the following criteria: 1) age ≥35 years, 2) white blood cell (WBC) count at diagnosis ≥30×10 6 /L (for B-cell) and 
Analysis of IPM expression
Ethylenediamine tetraacetic acid (EDTA)-anticoagulated bone marrow (BM) aspirates were obtained from 230 patients at the time of diagnosis. IPM expression of an ALL marker panel (CD45, CD34, terminal deoxynucleotidyl transferase [TdT], CD19, CD10, CD20, cytoplasmic CD22, CD2, CD3, cytoplasmic CD3, CD5, CD7, CD13, CD33, myeloperoxidase, surface immunoglobulin M [IgM], and cytoplasmic IgM) was assessed within 24 hours of sample collection. BM aspirate (100 L) was incubated with 8 L of each fluorescence-conjugated monoclonal antibody for 20 minutes at room temperature. Nuclear (TdT) and cytoplasmic antigens (cytoplasmic CD22, CD3, IgM, and myeloperoxidase) were incubated with specific antibodies after a permeabilization process, using permeability reagents, and erythrocytes were lysed using lysing solution. Isotypic antibodies were used as negative controls in separate tubes. After washing with 2 mL of phosphate-buffered saline (PBS) and fixing in 500 L of 1% phosphate-buffered saline (PBS)-paraformaldehyde, flow cytometry was performed using the FACSCanto II flow cytometry system (BD Biosciences, San Jose, CA, USA) and analyzed using FACSDiva software (BD Biosciences). Twenty thousand nucleated cells were acquired per tube, and leukemic blasts were isolated using CD45/side scatter gating. The expression level (%) of each IPM was estimated by comparison with the isotypic control, and positivity was defined as ≥20% leukemic cells staining positive for an IPM among total leukemic blasts. All antibodies were purchased from Becton Dickinson (BD Biosciences).
Induction and consolidation chemotherapy
All patients received induction chemotherapy with VPDL (for Ph-negative ALL) or VPD plus BCR-ABL1 TKIs (for Ph-pos ALL). Those who were diagnosed and received induction chemotherapy after June 2005 were enrolled in the prospective study by the Adult ALL Working Party of the Korean Society of Hematology (June 2005 to May 2010) and were treated with a modified VPDL regimen, to evaluate the feasibility of daunorubicin dose escalation during induction for patients ＜65 years of age [16] .
BCR-ABL1 TKIs were administered to patients with Ph-pos ALL from 2001, and patients enrolled in two prospective studies to evaluate the effectiveness of TKIs were included in this analysis. In the first study, conducted from 2005 until 2008, patients received imatinib (600 mg per day) plus multiagent chemotherapy [17] , and in the second study (2009 until 2011) , patients were treated with nilotinib (400 mg twice a day) plus multiagent chemotherapy [4] .
BCR-ABL1 TKIs were changed to the second-line agent, including dasatinib, when patients experienced intolerance to or failure with the first-line agent.
Allo-HCT
After achieving HCR, patients either received a course of consolidation chemotherapy or, if it was feasible and a suitable donor was available, were considered for allo-HCT. Allo-HCT could be performed at any time after the achievement of HCR. Acceptable donors included matched siblings, fully or partially matched unrelated donors, and haploidentical familial (familial mismatched) donors. Patients undergoing allo-HCT received either myeloablative conditioning (busulfan plus cyclophosphamide or fludarabine; patients ＜55 years old) or reduced-intensity conditioning, consisting of a combination of busulfan, fludarabine, and antithymocyte globulin (patients ≥55 years old, or with comorbidities). Total body irradiation was not used for conditioning. Stem cells were collected either from BM or from granulocyte colony-stimulating factor-mobilized peripheral blood (PB).
Statistical methods
Positivity for each IPM was defined as expression on ≥20% of blasts. Patients were dichotomized according to positivity for each IPM.
Characteristics of each group were summarized using descriptive statistics, and between-group differences were assessed by the t-test for normally distributed clinical characteristics, the Mann-Whitney U-test for non-normally distributed features, and Fisher's exact test for nominal variables.
Hematologic relapse (HREL) was defined as the presence of ＞5% lymphoblasts in the total mononuclear cells in BM aspirate, or the infiltration of lymphoblasts in extramedullary organs. Hematologic relapse-free survival (HRFS) time was measured from the date of HCR to the date of non-relapse mortality (NRM) or HREL. Overall survival (OS) was measured from the diagnosis of ALL to the date of last follow-up or death.
Differences in HCR rates between subgroups defined by positivity for IPMs were compared by logistic regression. Differences in HRFS and OS rates were compared using the Kaplan-Meier method and the log-rank test, and by Cox proportional hazards analysis. Variables with P values＜0.1 in univariate analysis were included in multivariate Cox proportional hazards analysis. All statistical analyses were performed with IBM SPSS 21 (IBM Corp., Armonk, NY, USA).
RESULTS
Patient characteristics
Baseline characteristics and treatment outcomes of 230 patients who were diagnosed with ALL or Ph-pos BAL from 1994 until 2011 at Asan Medical Center, Seoul, Korea, and met the inclusion criteria are provided in Table 1 . Twentyeight percent of patients were diagnosed with Ph-pos ALL and 76% were classified into the high CRG.
Treatment and outcomes
All patients received VPDL-or modified VPDL-based chemotherapeutic cycles, and BCR-ABL1 TKIs were combined with cytotoxic agents for 37 (58%) of 64 patients with Ph-pos ALL. The BCR-ABL1 TKIs used were imatinib (N=23), nilotinib (N=13), and dasatinib (N=1).
The HCR rate for all patients was 92%, and the rate did not differ between patients with Ph-negative and Ph-pos ALL. A total of 124 patients (54%) underwent allo-HCT in first HCR (N=99), second HCR (N=9), and relapsed/refractory (N=16) status, respectively.
After a median of 45.4 months of follow-up of surviving patients (range, 1.4-203.0), the 2-year and 5-year HRFS rates were 48% and 36%, respectively, and the median HRFS Table 2 shows the expression rates of major ALL IPMs in samples from patients included in this study. The majority of patient samples were positive for CD19 and CD22 (87.0% and 63.9%, respectively). Among 226 and 220 evaluable patients, 45.6% and 80.5% were CD20-and TdT-positive, respectively. 
Expression of IPMs in adult ALL
Differences in outcomes according to established prognostic factors and IPMs
None of the established prognostic factors or IPMs were associated with the HCR rate (Tables 3, 4) . In contrast, positivity for CD20, CD13, CD34, and TdT was associated with the HRFS rate, and positivity for CD20 and CD13 was strongly associated with the OS rate (Table 4) . When the outcomes were analyzed among patients who achieved HCR, 5-year HRFS (40% vs. 32%, P =0.002) and OS rates (46% vs. 31%, P =0.002) were significantly higher among those who received allo-HCT than among those who did not.
Multivariate analysis of HRFS and OS
We assessed the prognostic value of IPMs by multivariate analysis including variables from the univariate analysis with P values＜0.1. Positivity for CD20 and negativity for TdT were both significantly associated with HRFS and OS rates, as were CRG and performance of allo-HCT (Table 5) .
Risk stratification by clinical parameters and immunophenotype expression
We categorized patients according to CRG status and CD20 and TdT positivity, which were all significantly associated with outcome variables on multivariate analysis. Initially, patients were categorized into four subgroups according to CRG and CD20 positivity: group 1, standard CRG and 0.969 a) Group 1, CD20-negative and TdT-positive; group 2, CD20-negative and TdT-negative, or CD20-positive and TdT-positive; group 3, CD20-positive and TdT-negative. b) Indicate that no patients were included in that subgroup. Abbreviations: IPM, immunophenotypic marker; HRFS, hematologic relapse-free survival; OS, overall survival; CRG, clinical risk group; NK-cell, natural killer cell; TdT, terminal deoxynucleotidyl transferase.
CD20-negative; group 2, high CRG and CD20-negative; group 3, standard CRG and CD20-positive; and group 4, high CRG and CD20-positive. There were significant differences between the groups in median values for HRFS, which were "not reached", 23.1 months, 15.5 months, and 14.7 months for groups 1-4, respectively (P=0.001). Median values for OS also differed significantly at "not reached", 28.4 months, 33.9 months, and 16.6 months for subgroups 1-4, respectively (P =0.001; Fig. 1A, B) .
Next, patients were categorized into three subgroups according to positivity for CD20 and TdT: group 1, CD20-negative and TdT-positive; group 2, CD20-negative and TdTnegative or CD20-positive and TdT-positive; and group 3, CD20-positive and TdT-negative. There were also significant differences between these groups in median HRFS (65.8 months, 16.8 months, and 6.0 months, respectively; P ＜ 0.001) and median OS (36.1 mo, 25.4 mo, and 9.0 mo, respectively; P ＜0.001) (Fig. 1C, D) .
Risk stratification of patient cohorts by clinical parameters and immunophenotype expression
The prognostic significance of stratification by positivity for CD20 and TdT was evaluated and validated for each patient cohort (Table 6) .
Stratification by positivity for CD20 and TdT demonstrated discriminative power in both groups based on age at diagnosis (＜35 years and ≥35 years) and in high and standard CRG patients. Positivity for CD20 and TdT were also prognostic in Ph-negative and B-cell patient cohorts, whereas these markers were not significantly associated with prognosis in patients with Ph-pos and T-cell ALL.
DISCUSSION
The prognostic significance of IPMs has been described in a number of previous reports [12, 14, [18] [19] [20] [21] [22] [23] . The current study demonstrates that positivity for CD20, TdT, CD34, and CD13 (defined as expression on ≥20% of blasts) was associated with HRFS and OS rates in univariate analysis. In addition, in multivariate analyses, CRG status, CD20 positivity, and TdT negativity were associated with HRFS, and CRG status, CD20 positivity, and CD13 and TdT negativity were associated with OS. Finally, risk stratification by positivity for combinations of IPMs was prognostic, with stratification into three subgroups according to CD20 and TdT status demonstrating the greatest discriminatory power.
The prognostic significance of CD20 expression has been described in several previous reports. Thomas et al. demonstrated that patients with CD20 positivity had a higher incidence of relapse and inferior long-term survival rates compared to those who were negative for this marker [14] . Another report by the same group showed that overall outcomes, including incidence of relapse and long-term survival, were improved when patients with CD20 positivity were treated with rituximab plus combination chemotherapy [12] . In addition, another prospective observational study showed that allo-HCT overcame the adverse prognostic impact of CD20 expression in ALL [18] . These results suggest that CD20 expression is prognostic for outcomes and predictive for response to treatment with rituximab and/or allo-HCT in adult patients with ALL. The results of the present study were consistent with these previous reports.
In contrast, the prognostic significance of TdT has not been fully described in previous reports. A few reports have correlated the presence during remission of TdT-positive cells in PB with relapse [24] , or of TdT-positive cells in cerebrospinal fluid (CSF) in ALL with CSF infiltration of leukemic blasts [25] . In the current study, we demonstrate that positivity for TdT, defined as ≥20% of BM aspirate mononuclear cells staining for the marker, was correlated with good prognosis in ALL.
When patients were classified into four subgroups according to positivity for CD20 expression and CRG status, CRG status retained its prognostic value among CD20-negative patients, whereas it was not prognostically significant for the CD20-positive group. This suggests that CD20 expression can be considered a meaningful and independent prognostic factor, irrespective of CRG, and that treatment with agents targeting CD20, such as rituximab, is warranted in combination with standard cytotoxic chemotherapeutic agents and may improve the outcome of CD20＋ ALL.
In this study, the three-group stratification system by positivity for CD20 and TdT expression was prognostic for the whole patient group and for cohorts classified by age at diagnosis, CRG, Philadelphia status, and immunophenotype (B-vs. T-cell). Risk stratification by positivity for IPM expression is objective and highly reproducible, and could be applied in clinical trials or to suggest tailored therapy.
The limitations of the current study are its retrospective design and the fact that it was restricted to patients treated in a single center over a relatively long period of time (17 years). Also, although the inclusion criteria specified treatment with one of two homogeneous regimens (VPDL or modified VPDL), the post-remission therapies, including conditioning, stem cell source, and donor type for allo-HCT, were heterogeneous. In addition, a number of patients among those with Ph-pos ALL did not receive treatment with a BCR-ABL1 TKI, indicating that the patient population was not directly comparable to those undergoing current treatment regimens. Although the number of patients with T-cell or ambiguous lineage ALL was relatively small (N=27, 12%), they were included for the survival analysis including univariate and multivariate analysis, which requires a consideration during the interpretation of the results of the current study that CD20 is a B-lineage specific antigen, and the previous studies on CD20 were conducted only among patients with B-lineage ALL.
In conclusion, our results indicate that positivity for CD20 and TdT expression, in addition to CRG and the performance of allo-HCT, is an important prognostic indicator in adult ALL. A prospective observational study is highly warranted to confirm the prognostic significance of these IPMs, and a well-designed prospective study is planned to combine new agents targeting these IPMs with classical cytotoxic therapies and determine whether this strategy can effectively overcome the poor outcomes characteristic of adult ALL.
